Background: The effect of statins on oxidative stress markers, such as malondialdehyde (MDA), is still a matter of debate. We sought to address this issue by conducting a systematic review and meta-analysis of published data on the effect of statin treatment on systemic MDA concentrations. Methods: A literature search was conducted on MEDLINE/PubMed, ISI Web of Sciences and Scopus. Data were pooled using a random-effects model. Results: A total of 35 studies assessing MDA concentrations before and after statin treatment in 1512 participants (mean age 53.6 years, 48.7% males) were identified. Extreme between-study heterogeneity was observed (I 2 = 96.0%, p < 0.001). Pooled standardized mean difference (SMD) showed a significant reduction in plasma MDA concentrations after treatment (SMD = −1.47 µmol/l, 95% confidence interval = −1.89 to −1.05 μmol/l; p < 0.001). Similarly, a subgroup analysis of 10 studies that also included a placebo group showed a significant reduction in plasma MDA concentrations with statins (−1.03 μmol/l, 95% confidence interval = −1.52 to −0.29 μmol/l; p = 0.036).
Introduction
Hypercholesterolaemia is a leading risk factor for atherosclerotic cardiovascular disease (CVD) and its clinical manifestations such as peripheral vascular disease, ischaemic stroke and myocardial infarction. 1, 2 Hypercholesterolaemia, as well as other CVD risk factors, particularly hypertension, diabetes, and cigarette smoking, impair endothelial function thus promoting or accelerating the atherosclerotic process in the vessel wall. 3 Due to their inhibition of 3-hydroxy-3-methylglutarylCoA (HMG-CoA) reductase, the rate-limiting enzyme in the mevalonate pathway through which cells synthesize cholesterol, statins are widely prescribed for hypercholesterolaemia and have an established role in primary and secondary CVD prevention. 4, 5 The main action of statins in reducing cardiovascular morbidity and mortality is through their established low-density lipoprotein (LDL) lowering effects; 6 however, this class of drugs might also exert beneficial effects that are not related to LDL lowering ('pleiotropic' effects). 7 Therefore, it has been postulated that statins may have additional anti-atherogenic effects, including enhanced endothelial function, inhibition of vascular inflammation, reduction of vascular and myocardial remodelling, and stabilization of the atherosclerotic plaque. 8 The reduction of oxidative stress (OS) might mediate these pleiotropic effects, which often occur very early in the course statin treatment. 9 OS is considered an important contributing factor in the pathophysiology of atherosclerosis and CVD. 10 Reactive oxygen species (ROS) are involved in virtually all disease stages, from endothelial dysfunction to atheromatous plaque formation and rupture. Furthermore, the involvement of LDL oxidation (by free radicals or cellular enzymes) in the development of atherosclerotic lesions has been well documented. [11] [12] [13] The harmful effects of OS are due to the direct damage of lipids, thiols, DNA, and protein pools. In particular, increased concentrations of lipid peroxidation products stimulate the synthesis of proinflammatory cytokines and the adhesion of monocytes to endothelial surface. 14 These effects are augmented in hypercholesterolaemia due to the concomitant presence of elevated OS and lipid concentrations.
The effects of statins on OS have been extensively studied both in vitro and in cellular systems. [15] [16] [17] Statin therapy appears to increase glutathione reductase activity and to induce the heme-oxygenase 1 system. 16 Moreover, the antioxidant effect exerted by some statins seems to be related to their ability to inhibit oxidant enzymes such as nicotinamide adenine dinucleotide phosphate (NAD[P]H) oxidase, and upregulate antioxidant enzymes such as catalase. 17 Since malondialdehyde (MDA), measured as thiobarbituric acid reactive substances (TBARS), is the biomarker most frequently assessed to characterize the systemic lipid peroxidation status in several conditions, several studies have investigated the effect of statins on systemic MDA concentrations to evaluate their in vivo effect on OS. We sought to comprehensively assess this topic, and to provide a treatment effect size, by conducting a systematic review and meta-analysis of published studies of statin treatment on plasma MDA concentrations.
Materials and methods
Search strategy, eligibility criteria, and study selection A systematic search of publications in the electronic databases PubMed, Web of Science, and Scopus, from inception to September 2018, was conducted using the following terms and their combination: 'malondialdehyde' or 'MDA' and 'statins'. Abstracts were screened independently by two investigators to establish relevance. If relevant, the two investigators independently reviewed the full articles. Eligibility criteria were: (1) assessment of MDA plasma or serum concentration in humans at baseline and after statin treatment, (2) English language, and (3) full-text publications. Exclusion criteria were: (1) assessment of MDA in LDL or erythrocytes, and (2) duration of statin therapy <1 week. The references of the retrieved articles and reviews were also searched to identify additional studies. Any disagreement between the reviewers was resolved by a third investigator. We used the NewcastleOttawa Scale (NOS) to assess the quality of each study. 18 The NOS evaluated the following components: selection of the cohort, comparability of cohorts on the basis of the design or analysis, how the exposure was ascertained, and how the outcomes of interest were assessed. NOS scores of 1-3, 4-6, 7-9 indicated low, intermediate and high quality, respectively.
The following information was extracted from each paper and entered in an MS Excel spreadsheet: article title, first author, year of the study, place of the study, NOS score, presence of a placebo group, sample matrix, assay type, total sample size, age, sex distribution, MDA concentrations at baseline, MDA concentrations post-treatment, disease type, type and dose of statin, and therapy duration.
Statistical analysis
Standardized mean differences (SMDs) were used to generate forest plots of continuous data and to evaluate differences in MDA concentrations before and after statin treatment. A p value <0.05 was considered statistically significant, and 95% confidence intervals (CIs) were reported. Heterogeneity of SMD across studies was tested by using the Q statistic (significance level at p < 0.10). The I 2 statistic, a quantitative measure of inconsistency across studies, was also calculated (I 2 <25%, no heterogeneity; I 2 between 25% and 50%, moderate heterogeneity; I 2 between 50% and 75%, large heterogeneity; and I 2 >75%, extreme heterogeneity). [19] [20] Statistical heterogeneity was defined as an I 2 statistic value ⩾50%. 20 In analyses in which heterogeneity was high, a random-effects model was applied. Sensitivity journals.sagepub.com/home/taj 3 analysis was conducted to investigate the influence of an individual study on the overall risk estimate, by sequentially excluding one study in each turn. 21 To evaluate the presence of potential publication bias, the associations between study size and magnitude of effect were analysed by means of Begg's adjusted rank correlation test and Egger's regression asymmetry test at the p < 0.05 level of significance. [22] [23] We also performed the Duval and Tweedie 'trim-and-fill' procedure 24 
Results
A flow chart describing the screening process is presented in Figure 1 (details of the full electronic search strategy in PubMed are described in Supplementary File 1). We initially identified 612 studies. A total of 565 studies were excluded after the first screening because they were either duplicates or irrelevant. After a full-text revision of 47 articles, a further 12 studies were excluded either because of missing information or because they did not meet the inclusion criteria (2 papers were not in English, 4 papers measured MDA in LDL, 3 papers did not provide post-treatment MDA concentrations, 2 papers provided only graphical data, and 1 paper did not provide the units of measurement for MDA). Thus, 35 studies were included in the meta-analysis. The characteristics of the retrieved studies are presented in Table 1 .
A total of 1512 participants (mean age 53.6 years, 48.7% males) with various CVD risk factors were evaluated before and after statin administration. The number of participants in these studies ranged from 10 to 100. The included studies, published between 1995 and 2016, were conducted in Europe (n = 11), Africa (n = 4), America (n = 6), and Asia (n = 14). The statin used was atorvastatin in 16 studies, simvastatin in 15 studies, pravastatin in 2 studies, and fluvastatin and rosuvastatin in 1 study, in doses ranging between 5-80 mg/day. Duration of therapy ranged between 10 days and 12 months. No significant post-versus pre-treatment differences in MDA concentrations were reported in 10 of the 35 retrieved studies.
The forest plot for MDA concentrations in patients treated with statin is shown in Figure 2 . Substantial heterogeneity between studies was observed (I 2 = 96.0%, p < 0.001). Thus, random-effects models were used. Overall, pooled results showed that MDA concentrations were significantly lower after statin treatment (SMD = −1.47 μmol/l, 95% CI: −1.89 to −1.05 μmol/l; Z = 6.84, p < 0.001). Subgroup analysis revealed a similar impact on MDA concentrations of both hydrophilic Results stability was evaluated through sensitivity analysis (Figure 3 ). The corresponding pooled SMD values were not substantially altered when single studies were sequentially removed, with effect size ranging between −1.89 and −1.05 μmol/l. The Begg's (p < 0.001) and Egger's tests (p < 0.001) showed a high publication bias. When the trim-and-fill method was used to correct the asymmetry in the funnel plot, five potential missing studies were required in the left side to ensure symmetry ( Figure 4 ). The adjusted SMD was further increased (−1.56 μmol/l, 95% CI: −1.96 to −1.16 μmol/l; p < 0.0001).
To identify the sources of heterogeneity and publication bias, we investigated the effects of different study characteristics, including disease phenotype, sample size, publication year, continent where the study was conducted (Europe, Africa, Asia, and America), age, sex, body mass index (BMI), biological sample (plasma or serum) and assay type used [spectrophotometric, enzyme-linked immunosorbent (ELISA), highperformance liquid chromatography (HPLC), or capillary electrophoresis], total cholesterol concentrations, statin type (atorvastatin, simvastatin, pravastatin, fluvastatin or rosuvastatin), statin class (hydrophilic or hydrophobic) and therapy duration through univariate meta-regression. In our analyses, disease phenotype (t = 0.43, p = 0.669), publication year (t = −1.06, p = 0. Overall, 10 out of the 35 studies included in the meta-analysis also compared the effect of statin treatment versus placebo. As reported in Figure 6 , the statin treated group showed a reduction in MDA concentrations (−1.03 μmol/l; 95% CI = −1.52 to −0.29 μmol/l) that was significant in meta-regression analysis (p = 0.036). However, once again, extreme heterogeneity was observed (I 2 = 92.3%, p < 0.0001).
Discussion
We found a statistically significant reduction of MDA concentrations in patients treated with statins both when considered as a single class and when categorized based on their physicochemical properties, that is, hydrophobic statins (simvastatin and atorvastatin) that might be dispersed at low concentrations throughout human tissues, and hydrophilic statins (pravastatin, rosuvastatin and fluvastatin) that primarily target the liver and are found in the circulation. The observed SMD values are also likely to be biologically significant in terms of CVD risk reduction as previous studies have reported mean differences in MDA concentrations of 1.59 μmol/l, between healthy controls and patients with ischaemic heart disease, and of 0.37 μmol/l, between healthy controls and patients with ischaemic stroke, respectively. 60, 61 However, these results must be interpreted with some caution due to the relatively high heterogeneity observed between the studies. The latter also accounts for the fact that 10 of selected studies did not found significant differences in MDA after statin treatment while 16 studies reported a decrease greater than 30%. Clinical differences between patients studied, type and dose of statin and therapy duration may account for the high heterogeneity observed. The absence of a common and well-standardized method for pre-analytical sample treatment and for MDA detection may also increase heterogeneity. Furthermore, different biological responses to specific statins could not be excluded. hypertensive rats in vivo. 65 Moreover, both simvastatin and rosuvastatin reduce the concentrations of oxidized LDL in vivo. 66 Similarly, fluvastatin and lovastatin reduce the susceptibility to LDL oxidation in patients with hypercholesterolaemia. This phenomenon seems partly due to a direct binding of the drugs to the phospholipid fraction of LDL. 67 By contrast, it has been reported that ROS may be generated during statin metabolism, leading to increased OS, tissue injury and toxicity. 68 A recent study revealed that simvastatin, lovastatin and atorvastatin caused a significant increase in ROS formation when freshly isolated rat hepatocytes were treated with statins. 69 Another study found that atorvastatin led to an increase in the liver mitochondrial concentrations of ROS in rats. 70 Moreover, it has been reported that 8-week treatment with atorvastatin induced an increase in ROS in hepatic and renal tissues, along with significant renal tubular injury and liver damage. 71 These different, and often opposed, biological effects may potentially account for the heterogeneity of the observed results.
To overcome heterogeneity, we tried to identify homogenous subgroups of participants. MDA can be determined either in serum or in plasma.
In our systematic review, we found that the sample matrix was serum in 13 studies and plasma in the remaining 22. The use of different sample matrices may result, in fact, in different MDA concentrations and contribute to heterogeneity. However, heterogeneity remained high even after accounting for the sample matrix used (serum or plasma). Similarly, accounting for the assay type used for MDA detection (ELISA: 5 studies; colorimetric: 20 studies; HPLC or capillary electrophoresis: 8 studies; not reported: 2 studies), statin used, statin type, disease phenotype or therapy duration did not reduce heterogeneity.
In the meta-regression analysis, statin type, therapy duration and disease phenotype did not influence the effect size. Conversely, the continental where the study was conducted, baseline total cholesterol concentrations, and sample size were significantly associated with the SMD, suggesting an important effect on both heterogeneity and publication bias. In regard to the latter, Begg's adjusted rank correlation test and Egger's regression asymmetry test showed the presence of a significant publication bias in the selected studies. However, the addition of five potential missing studies by trim-and-fill method, to correct the asymmetry in the funnel plot, further increased the SMD of MDA concentrations after statin treatment (from −1.47 to −1.56 μmol/l), suggesting that the pooled difference, without correction, is underestimated. Finally, when analysing a subgroup of 10 studies that compared the effect of statin treatment with that of placebo, we found a similar significant decrease in MDA concentrations (1.03 μmol/l) with statin therapy. However, once again, a high heterogeneity in the statin group was observed. Interestingly, the homogeneity observed in the placebo group suggest that technical aspects, such as sample treatment and MDA assay, might have a relatively small impact on the observed heterogeneity.
This meta-analysis had several limitations. The eligible studies investigated relatively small groups (between 10 and 100 patients) and had different population characteristics, study design, statins used and their dose. Furthermore, the effect of smoking, an important determinant of OS, could not be considered because of the lack of available data. In order to address these issues, we used a more conservative random-effects model and performed sensitivity analysis and trim-and-fill method to correct publication bias.
In summary, the available evidence shows that statin treatment exerts significant lowering effects, from a statistical and, possibly, also a biological point of view, on the systemic concentrations of MDA, a marker of OS. This suggests an additional mechanism for the beneficial effects of this drug class on CVD risk. However, the marked heterogeneity observed in our analyses warrants further observational or interventional studies to confirm, or refute, these findings and to identify possible differences in the magnitude of MDA lowering between specific statins.
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